To delineate more clearly the importance of altered monovalent cation transport rate in the mediation of the positive inotropic effects of cardiac glycosides, we studied changes in the contractile state and rate of uptake of K + and Rb + by monolayer cultures of chick embryo ventricular cells during exposure to and -washout of ouabain and dihydro-ouabain. These cardiac glycosides produced a positive inotropic effect in this system, accompanied by a significant reduction in monovalent cation transport rate, by increases in cellular contents of Na + and Ca !+ , and by a decrease in cellular content of K + as judged by radioisotopic tracer studies. Following removal of glycosides from media bathing the cultures, monovalent cation transport rate returned to normal within 1 minute, followed by a loss of inotropy which was complete by 7 minutes, a time at which cellular [Ca 1+ ] had returned to normal. The bulk cellular concentration of Na + remained increased, however, and that of K + depressed for longer periods. Veratrine (1 fig/ml ) induced a positive inotropic effect, but caused a less marked increase in cellular [Na + ] than did equipotent concentrations of ouabain and dihydroouabain. These results indicate that there is not a simple relationship between bulk cellular [Na + ] and magnitude of inotropic effect in these cells, and are consistent with the proposal that there is a subsarcolemmal space in which [Na + ] regulates Ca 1+ fluxes and contractility, and in which [Na + ] is regulated primarily by the balance between transearcolemmal influx and Na + pump rate and, to a lesser degree, by bulk [Na + ].
experiments that are apparently inconsistent with this hypothesis. Cohen et al. (1976) estimated the transsarcolemmal potassium gradient by determining the reversal potential of ii« (pacemaker current) in Purkinje fibers. At ouabain concentrations believed to be positively inotropic, the change in K + reversal potential suggested an increase in the K + gradient, a finding incompatible with inhibition of the sodium-potassium pump. Furthermore, Okita (1977) has reviewed data suggesting a temporal dissociation of digitalis inotropy from Na + -K + -ATPase inhibition after drug washout in isolated rabbit heart, with loss of inotropy preceding loss of inhibition of Na + -K + -APTase activity in membrane fractions. These kinetic differences were attributed to the existence of at least two receptors for digitalis, one for inotropy and one for pump inhibition, with differing rate constants for cardiac glycoside dissociation.
Experiments using Na + -or K + -selective microelectrodes have demonstrated an increase in [Na + ], (Ellis, 1977) and a fall in [K + ]i (Miura and Rosen, 1978) in response to ouabain. The threshold for an increase in [Na + ][ occurred at 10~7 M ouabain in sheep Purkinje fibers, and this effect was only slowly reversible following removal of ouabain from bathing media. Consistent with these results, Miura and Rosen (1978) found a decrease in [K + ]i after VOL. 49, No. 1, JULY 1981 exposure for 30 minutes to 2 x 10 ' M ouabain.
[K + ]i did not recover to control levels during the hour after removal of ouabain from the bath, although the positive inotropic effect was observed to disappear more rapidly (Miura, unpublished observations) . Thus, these studies also suggested a possible dissociation between sodium pump inhibition and inotropy during washout of ouabain.
We have studied spontaneously beating cultured monolayers of chick embryo ventricular cells, in which changes in contractility, monovalent cation transport rate, and cellular contents of Na*, K + , and Ca 2+ can be determined with a relatively high degree of accuracy and temporal resolution. In initial experiments (Biedert et al., 1979) , we found that inotropic concentrations of ouabain significantly reduced the rate of monovalent cation transport. This inhibition of cation transport was associated with an increase in cellular contents of Na + and rapidly exchangeable Ca 2+ , suggesting that instantaneous pump rate, cellular Na + content, or both are important in modulating calcium content and contractility in these cells. In the experiments reported here, we have studied the temporal sequence of recovery of contractility, recovery of the sodium pump, and the return toward normal of cellular Na + , K + , and Ca 2+ contents when cultured heart cells exposed to positively inotropic concentrations of ouabain and dihydro-ouabain were washed to remove the drug. Our results support the hypothesis that inhibition of monovalent cation transport is an important determinant of the inotropic effect of digitalis, and help to resolve, at least in part, the controversy discussed above regarding the dissociation between Na + -K + -ATPase inhibition and intropic effect during washout of cardiac glycosides.
Methods

Tissue Culture
Monolayer cultures of spontaneously contracting chick embryo ventricular cells were prepared as previously described (Biedert et al., 1979) . Briefly, fragments of ventricles of 8-to 10-day-old chick embryos were aseptically removed and tissue fragments placed in Ca 2+ -and Mg 2+ -free Hank's solution. The cells were isolated by four cycles of trypsinization with 0.025% (w/v) trypsin at 37°C. Cell suspensions from each dissociation cycle were placed into 20 ml of cold trypsin inhibitor solution (50% heat-inactivated fetal calf serum and 50% Ca 2+ -and Mg 2+ -free Hank's solution). The resulting cell suspension was centrifuged at 1000 rpm for 10 minutes. The pellet was resuspended in culture medium consisting of 6% heat-inactivated fetal calf serum, 40% Medium 199 with Hank's salts, 0.1% penicillin-streptomycin solution, and 54% balanced salt solution containing, in mM concentrations, NaCl 116, NaH 2 PO4 1.0, MgSO 4 0.8, KC1 1.18, NaHCOa 26.2, and glucose 5.5. This provided a [K + ] of 4 mM, [Na + ] of 143 mM, and [Ca 2+ ] of 0.6 mM. The cell suspension was diluted to 5 x 10 5 cells/ml and placed in plastic Petri dishes containing 25-mm circular coverslips. Cultures were incubated in a humidified 5% CO 2 , 95% air atmosphere at 37°C. Confluent monolayers in which an estimated 80% of cells exhibited spontaneous synchronous contractions developed by 3 days, at which time the experiments were performed.
Measurement of Contractility
Changes in the contractile state of individual cells in the monolayers were assessed by the use of an optical-video system as previously described (Biedert et al., 1979) . Briefly, a glass coveralip with attached ventricular cell monolayer was continuously superfused in a Sykes-Moore chamber provided with inlet and exit ports. The chamber was placed on the stage of an inverted phase contrast microscope (Leitz Diavert), and a constant temperature of 37°C was maintained by enclosing the microscope in a heated Lucite box. The cells were magnified with a 40X objective, and the image monitored by a low light level TV camera connected to a video motion detector that monitored a selected raster line segment and provided position data every 16 msec for an image border moving along that raster line. The analog voltage output from the motion detector was calibrated to indicate actual fjm of cell wall motion. The first derivative was obtained electronically and recorded as velocity of motion in jum/sec. The supervision medium was identical to the growth medium, unless otherwise indicated.
Ion Contents and Fluxes
The methods employed in determining ion contents and fluxes in cultured ventricular cells have been described in detail previously (Biedert et al., 1979) . The sodium, potassium, and calcium contents were measured by immersion of cultures in medium containing 42 K + (3 fid/ml, [K + J = 4 HIM) or 2 <Na + (5 juCi/ml, [Na + ] = 143 mM) and ^Ca 2+ (5 fiCi/ml, [Ca 2+ ] = 0.6 mM). For determination of Na + and K + contents, cells were labeled to asymptote, whereas, for determination of Ca 2+ content, cells were labeled for 10 minutes. This period of ^Ca 2 * exposure labels fully the Ca 2+ pool that our previous studies have shown to increase in response to cardiac glycoside exposure (Biedert et al., 1979) . After equilibration, the cells were washed rapidly three times for 2 seconds each physiological salt solution at 20 °C.
Potassium and rubidium uptake experiments were performed by exposing cells attached to coverslips to media containing K + (5 /iCi/nd, [K + ] = 4 mM) or 86 Rb + (5 juCi/ml, [Rb + ] = 0.1 mM) for varying intervals, followed by three brief washes. All contents and fluxes were corrected for cell density on each coverslip. For this purpose, the monolayers were incubated in L-(4,5)-3 H(iV)-leucine (0.2 /iCi/ml, [leucine] 28 mg/liter) for 24 hours before use. 3 H-Leucine was incorporated into cell protein and the 3 H counts measured to permit estimation of cell density on each coverslip. For each set of coverslip cultures prepared, the relationship between 3 H counts and protein concentration (Lowry et al., 1951) was determined. The experiments to determine ion fluxes and contents were performed in the usual bicarbonate-buffered medium, using a Lucite chamber containing medium maintained at 37 °C in a 95% air, 5% CO 2 atmosphere, and gently agitated to reduce unstirred layer effects. After the experiments, the cells were dissolved in 1 ml of 0.5 N NaOH, and aliquots were suspended in scintillation fluid. Simultaneous counting (Packard model 3330) of 3 H + and < 2 K + , "Rb-, 2< Na + , or «Ca 2+ permitted normalization of contents or fluxes per mg cell protein.
Measurements of the extracellular fluid space (ECS) were performed to determine the efficiency of the washing procedure and to allow correction of ion contents for residual ECS, using 61 Cr-EDTA (1 /iCi/ml; incubation time, 10 minutes and 1 hour. An estimation of intracellular water/mg protein was performed with 3 H 2 O (1 /iCi/ml, 30-minute incubation time). With the appropriate correction for residual ECS, intracellular ion concentration was then calculated.
Results
Ouabain Effects
Previous studies in our laboratory (Biedert et al., 1979) have shown that monolayers of chick embryo ventricular cells exhibit a distinct positive inotropic response to ouabain. Figure 1 shows an example of this effect. Ouabain, 10" 6 M, induced an increase in amph'tude and velocity of cell wall motion within 2 minutes, the plateau of which was reached after 5-6 minutes. During washout of ouabain, contractile amplitude and velocity returned to control values within 6-7 minutes. To determine the influence of this concentration of ouabain on monovalent cation transport, we measured 42 K + uptake. Figure 2 shows control K + uptake, the response to exposure to 10" 6 M ouabain added at time zero, and the uptake rate after washout of ouabain for 1 minute. The control uptake rate was 47.2 ± 1.1 (SEM) nmol/mg protein per min (n = 56). A substantial reduction to 26.1 ± 0.4 (n = 48) occurred within 2 minutes after exposure to 10" 6 M ouabain. By 1 minute after ouabain removal, a time at which the positive inotropic effect had begun to disappear, the K + uptake rate had recovered to 50.8 ± 1.5 nmol/mg protein per min (n = 48), slightly greater (P < 0.05) than the control value of 47.2 ± 1.1. These results indicate that soon after removal of ouabain from the bath, prior to the 4-to 5-minutes time period required for total return of contractile state to baseline levels, monovalent cation transport had recovered completely.
Changes in [Na + ], and [K + ]i during exposure to and washout of ouabain were studied by radioisotope tracer techniques. For these studies, cultures CONTROL OUABAIN 56) ; closed circles, response to 10'" M ouabain added at time zero (n = 40); closed triangles, uptake after removal of ouabain from incubation media (n = 48). Cultures exposed to ouabain for 7 minutes were washed for I minute to remove ouabain, then uptake begun at time 0 (see text). Uptake rates were quite consistent from culture to culture, and coverslips obtained from six different cultures were used to generate the data shown in this figure. were labeled to asymptote with 42 K + for 2 hours or with 24 N + for 30 minutes. Ouabain, 10" 6 M, was added only during the last 7 minutes of the equilibration period. This ensured that during ouabain exposure the radioisotope was always in equilibrium with the nonradioactive carrier, a rise or fall of which was therefore directly indicated by a change in the measured radioisotope content. As expected, the Na + content increased from a mean of 400 ± 10 (SEM, n = 77) to 509 ± 1 (n = 70) nmol/mg protein, and the K + content decreased from 894 ± 8 (re = 62) to 768 ± 8 (n = 76) nmol/mg protein after exposure to 10" 6 M ouabain (P < 0.001).
To compare these values with estimates of cellular Na + and K + concentrations in the literature, we performed experiments to determine the magnitude of the extracellular space (ECS) left after our standard washing procedure. Intracellular water was also determined by the use of 3 H2O. The ECS was 75.8 ± 5.0 ul/mg protein (n = 21) in the absence of any wash, due in large part to the fluid meniscus on the coverslip. The washing procedure reduced the ECS to 1.81 ± 0.03 jA/mg protein (n = 35), or to about 2.4% of the initial value prior to washing. This value for extracellular fluid volume was in close agreement with the ECS volume calculated using a 5-second exposure to * 2 K + , assuming insignificant cellular uptake of 42 K + during that brief exposure time.
For intracellular water content, the use of 3 H 2 O, corrected for ECS, yielded a value of 7.12 ± 0.10 jd/ mg protein (n = 42). Using these values for cell water and ECS to convert the Na + and K + contents to intracellular ion concentrations, we found that exposure to 10" 6 ouabain resulted in an increase of [Na + ]i from 19 to 35 mM and in a quantitatively similar decrease in [K + ], from 125 to 107 mM. In separate experiments, it was determined that cell water content did not change significantly during exposure to ouabain.
We next examined the time course of recovery of the intracellular concentrations of Na + and K + following ouabain washout. In Figure 3 , the time courses of recovery of cellular concentrations of Na + and K + following removal of ouabain from the bath are shown. The cultures were equilibrated for 2 hours with 42 K + and for 30 minutes with 2< Na + . Ouabain, 10" 6 M, was added at time zero. After 7 minutes, medium was removed, cultures were washed with medium containing radioisotope but no ouabain for 1 minute, and the medium was exchanged a second time. Since the radioisotope was present in all wash media, it would be expected to remain in full equilibrium with the nonradioactive carrier Na + or K + . It is apparent from Figure 3 Effects of 10 e M ouabain on cellular Na + and K* concentrations. Cellular contents ofNa* and K* were calculated as described in the text before exposure to ouabain (time zero), after 7 minutes of incubation in medium containing 1(F S M ouabain, and at 7, 30, and 60 minutes after removal of ouabain from incubation media. Mean contents (± SEM) in nmol/mg protein were calculated for 70 to 77 individual coverslips at each data point, and the results expressed as cellular concentrations in mM, correcting for extracellular space as described in the text. Cellular concentrations of Na* and K* remained significantly displaced from pre-ouabain values even after 60 minutes of recovery from ouabain exposure (P < 0.01). The time at which 10T 6 u ouabain was added is indicated by the arrow at the left; removal of ouabain by restoration of control perfusate is indicated by the arrow at the right that the recovery of cellular Na + and K + concentrations had a prolonged time course, despite the relatively rapid recovery of K + uptake rate to preouabain levels shown in Figure 2 . Values for cellular Na + and K + concentrations remained substantially altered 60 minutes after removal of ouabain from bathing media. The prolonged time course of recovery of cellular Na + and K + concentrations (Fig. 3) was in striking contrast to the time course of recovery of cellular Ca 2+ content after washout of ouabain. Rapidly exchangeable calcium content increased from 4.13 ± 0.12 nmol/mg protein (n = 42, mean ± SEM) to 5.10 ± 0.16 (n = 50) after exposure to 10" 6 M ouabain. Seven minute after removal of ouabain from bathing media, rapidly exchangeable cellular Ca 2+ content had recovered to 4.20 ± 0.10 (n = 56). Thus, following washout of ouabain, transport rate recovers prior to loss of inotropy. By the time inotropy is completely dissipated, Ca 2+ content has returned to control levels, but Na + content remains elevated.
Effects of Dihydro-ouabain
Ellis (1977) and Deitmer and Ellis (1978) found that 10" 6 M ouabain and 10~5 M dihydro-ouabain produced similar increases in intracellular Na + ion activity, BN., measured with sodium-sensitive microelectrodes in sheep Purkinje fibers. However, the return to control levels of aW* was much more rapid after washout of dihydro-oubain than after washout of ouabain. The explanation for the slow reversibility of the elevation in aka after removal of (right vertical axis) . The % inotropic response was calculated as the increase in amplitude of wall motion observed 7 minutes after exposure to a given DHO concentration relative to the increase produced by exposure to 3.6 mM Ca i+ . Each point plotted represents the mean ± SEMof 6-7 cells. The % inhibition of transport was calculated from the m Rb uptake rate in the presence of the indicated DHO concentration, taking 100% inhibition as that observed in the presence oflO' 3 M ouabain. Each point plotted is the mean of 2-3 individual experiments.
ouabain, analogous to the finding in our studies, is not known. Godfraind and Ghysel-Burton (1980) have recently reported that, for a given degree of inhibition of the Na + pump, ouabain evoked a greater increase in contractility than did dihydroouabain. Therefore, to determine whether the dissociation we noted between recovery of [Na + ]j and loss of inotropy was an anomalous result peculiar to ouabain, we also studied the effects of exposure to and washout of dihydro-ouabain on inotropy, monovalent cation transport rate, and [Na + ], in cultured heart cells.
The effects of 5 X 10" 5 M dihydro-ouabain on amplitude and velocity of cell wall motion are shown in Figure 4 . A positive inotropic effect was readily demonstrated in these cells and was reversible within 3 to 4 minutes of dihydro-ouabain removal. As shown in Figure 5 , the threshold concentration for a detectable inotropic effect of dihydroouabain was between 1 and 5 X 10~8 M. A concentration of 5 X 10" 8 M produced a 23% inhibition of active monovalent cation transport, as measured by 146 CIRCULATION RESEARCH VOL. 49, No. 1, JULY 1981 Rb uptake. As the dihydro-ouabain concentration was increased from 5 X 10~e M to 5 X 10" B M, inhibition of active monovalent cation transport increased to 52%, and the major portion of the positive inotropic response occurred over this concentration range. The degree of inhibition of transport by dihydro-ouabain required to cause a detectable inotropic response in these cells (about 20%) was similar to that reported previously (Biedert et al., 1979) in experiments with ouabain. However, the cells used in experiments by Biedert et al. (1979) showed higher basal transport rates and were more resistant to toxic effects at high levels of transport inhibition. These differences may be due to the fact that a different fetal calf serum was used in the previous cultures.
At higher concentrations of dihydro-ouabain, mechanical toxicity was noted. This is illustrated in Figure 6 . A prominent positive inotropic response was noted at 5 X 10~5 M dihydro-ouabain; exposure to 10~4 M dihydro-ouabain resulted in marked impairment of relaxation, with a decrease in amplitude of contraction. However, this was reversible upon washing out the drug, and within 1.5 minute the cell had partially recovered. As shown, the active monovalent cation transport rate had recovered to slightly greater than control level by this time.
The return toward control levels of [Na + ], after washout of dihydro-ouabain was somewhat more rapid than after washout of ouabain, as shown in Results are expressed as mean ± BEM. All coverriipe used were from a single culture. Sodium concentrations (nui) were calculated assuming a cell water content of 7.12 jd/ m § protein (see text). Table 1 . However, by 7 minutes of washout, a time at which the inotropic effect had completely dissipated, [Na + ], was still elevated after washout of dihydro-ouabain as compared with control values. Thus, as was the case with ouabain, after washout of dihydro-ouabain, inotropy dissipated afterrecovery of instantaneous monovalent cation transport rate but before complete return of [Na + ], to normal levels. This observation could be accounted for if the inotropic effects of ouabain and dihydro-ouabain resulted from a combination of inhibition of transport and elevation of [Na + ]i. To determine whether an elevation of [Na + ], alone could cause inotropy in these cells, we studied the effects of veratrine, an agent believed to exert its inotropic effects by inhibiting inactivation of the fast sodium channel, thus increasing Na + influx across the sarcolemma (Horackova and Vassort, 1974; Halliday and Harding, 1980) .
Effects of Veratrine
Veratrine (Sigma) caused a distinct positive inotropic effect in these cultured heart cells, as demonstrated in Figure 7 . The threshold veratrine concentration for this effect was 0.1 ng/ml, and a maximum inotropic response was observed at 1.0 jug/ml In experiments to determine relative inotropic potency, 1.0 fig/ml veratrine, 10~6 M ouabain, 5 x 10" 5 M dihydro-ouabain, and 3.6 mM Ca 2+ all produced approximately equivalent inotropic responses. In spontaneously contracting cells, 1 fig/ml veratrine did not alter the monovalent cation transport rate measured by uptake of ^Rb. Veratrine did induce a slight increase in cell [Na + ]i, as shown in Table 1 . However, the cell [Na + ]i during maximal veratrineinduced inotropy was similar to the [Na + ]i after 7 minutes of washout of dihydro-ouabain when inotropy was completely dissipated. Monovalent cation transport rate was similar at both times. Thus, bulk [Na + ], seemed to correlate poorly with the degree of inotropy, although elevation of Na + in some cellular compartment presumably is related to the inotropic effect of veratrine.
